The functional activity of the eccrine sweat glands in the toe-pads of non -anesthetized dogs was investigated.
Spontaneous sweating of central origin was found to be considerable in dogs in early months (within 1-3 months) of birth. This sweating was easily blocked by local administration of atropine, but not by dihydroergotamine, indicating a cholinergic nerve supply to the sweat glands.
The responsiveness of the glands to local injections of adrenaline, nor -adrenaline, isopropylnoradrenaline, carbaminoylcholine, acetylcholine, mecholyl and pilocarpine was determined with the toe-pads in which the spontaneous sweating had been eliminated by blocking the peripheral nerves with procaine, using the band method.
The axon reflex sweating was found to be elicited by local application of nicotine. The occurrence of this response was limited to the toe-pads which had been maintaining the ability to produce a considerable spontaneous sweating. The ability of producing spontaneous sweating and the responsinveness to the sudorific agents of the glands were reduced with advancing age. Further -more, the responsiveness to the sudorific agents was found to decrease progres -sively following the denervation of the glands.
In 1835, Gurlts first described the morphology of the sweat glands in the hairy skin areas and in the foot-pads of the dog. Marzulli and Callahan16) noted that in a dog the foot-pads responded with sweating to heating of its body, but not to local administration of pilocarpine.
In the present investigation an attempt has been made to study the func -tional activity of the sweat glands in the foot-pads of the dog from the stand -point of comparative physiology.
METHODS
Observations were made in 22 mongrel dogs consisting of 10 males and 12 females, at the age of 1-18 months. The body weight of the animals changed from 1.4-7.7 kg. at the beginning to 1.9-13.5 kg. at the end of the observation periods. The animal was placed, under non-anesthesia, on the animal board in a prone position, its hindfoot, sometimes forefoot, being fastened to a holder in a position suitable for observing the foot-pads.
In the majority of experiments spontaneous sweating of central origin was abolished by block anesthesia with procaine , following the principle of the band method of Wada et al.25) : Two tense rubber bands 2 mm . in width were placed around the foot at the levels above and below the dewclaw or its rudiment , about 3 cm. apart and in parallel with each other and fastened with a tension sufficient to prevent procaine which would be injected under the skin of the whole area between the two bands from diffusing outward beyond the bands , care being taken to interfere with blood supply to the foot-pads as little as possible. Usually, 6 to 20 ml. of 2% procaine hydrochloride solution were used; when spontaneous sweating was not completely abolished , 3 or more ml. of the procaine solution were added. By such block anesthesia , a complete absence of spontaneous sweating was secured for a period of at least two hours . In order to minimize the effect of procaine upon the sensitivity of the sweat glands the tests were repeated in each animal usually at intervals of 2 to 4 days .
In some experiments the sciatic nerve was exposed at the level of the trochanter and cut away about 2 cm. in length under light ether anesthesia; about two and a half to three and a half hours were allowed to elapse between the nerve section and the first test after the operation.
Before the experiments, the foot-pads to be tested were cleansed with soap -water and alcohol, using a toothbrush , and dried with a drier. Sweating on the foot-pads was visualized by the iodine-starch method of Wada and Takagaki29) for unpigmented skin and by the titanium-iodine-starch method of Takahashi and Wada (Wada et al.28) ) for black skin. When necessary , the both methods were used at the same time for a pad with partly pigmented skin . When the pads to the number of sweat spots decreased and their distribution became uneven, and then the spots were confined usually to the periphery or to the proximal or distal part of the toe-pad. Spontaneous sweating completely or almost completely failed to appear in the majority of dogs at the age of 5 to 6 months, although the period during which spontaneous sweating persisted varied from animal to animal and was not always the same in individual foot-pads of the same animals. When the ability of producing spontaneous sweating was completly lost, in general sweat spots could not be detected even when the animal showed struggling or panting. In one animal, spontaneous sweating was observed still in circumscribed areas of each toe-pad at the age of 13 months.
In the toe-pads in which spontaneous sweating had been appearing copiously, it was abolished by subuctaneous injection to the pads of 0.3 to 0.7 ml. atropine in concentrations of 10-5 to 10-11 under non-anesthesia. With 10-6 atropine, the inhibitory effect continued for about 20 to 90 minutes. But, control injections of identical volumes of 0.9% NaCl had no such effect. Furthermore, dihydro -ergotamine injected in the same way induced no trace of inhibition of spont -aneous sweating at a concentration of The section of the sciatic nerve on one side eliminated spontaneous sweating in the pads of the ipsilateral hindfoot. As will be described below, it was found that the sensitivity of the denervated sweat glands to the sudorific agents tested was progressively reduced as time elapsed after the operation. Therefore, most of experiments on the responsiveness to the sudorific agents were performed under block anesthesia with procaine.
2. The responsiveness of the sweat glands of the dog's foot-pads to adrenaline, noradrenaline and isopropylnoradrenaline Adrenaline:
The effect of adrenaline was tested at concentrations of 10-9 to 10-4 in a total of 246 toe-pads ; in some cases the tests were made with the central pad.
The responsiveness of the sweat glands to adrenaline was not necessarily identical among the foot-pads of one and the same animal. In some dogs the sweat glands in the outermost toe-pad or innermost one were found to be clearly less sensitive than those in the other three toe-pads. However, the minimum effective concentration of adrenaline was found to be 10-7 in dogs 2 to 2.5 months old.
The majority of the toe-pads tested with 10-6 adrenaline exhibited definite sweat responses, as illsutrated in Fig. 3 : Seat spots became visible within 2 to 5 minutes after injection, and with the lapse of time, the number and size of the spots gradually increased ; the number of the spots reached its maximum usually at about 3 to 26 minutes after injection. Generally, as the concentration of adrenaline was raised, the magnitude and duration of the response were increased.
With the concentrations of 10-5 and 10-4, the response lasted for 6 to 45 minutes or more.
In general, the sensitivity of the sweat glands to adrenaline was found to be high in the dogs in early months of birth, and it fell gradually as the age advanced. With the concentrations of 10-' and 10-5, positive results were obtained in 59 of 81 toe-pads tested of the dogs within 3 months after birth, and in 35 of 79 toe-pads at the age of 3 months or more. As the sensitivity of the glands was lowered, higher concentrations of adrenaline were needed to elicit the sweat response than those which were minimum effective in the preceding experiment on one and the same toe-pad. This was true of the other sudorific agents. The latent period before the appearance of the response was prolonged along with the decrease in the sensitivity of the glands; not rarely about 10 to 15 minutes were required before the appearance of sweating in the tests with 10-6 adrenaline. In four animals the toe-pads became unresponsive even to 10-4 adrenaline at the age of 3 to 4.5 months.
It seems unlikely that this decline in the sensitivity resulted from repeated procainization of the sweat nerve fibers, because a similarly low sensitivity was found in the toe-pads of the litter animal at the same age which had not previously been used for the experiment with procaine block anesthesia. It should be noted here that control injections of 0.9% NaCl solution occasion ally induced sweating especially on the pads which had shown a copious spontaneous sweating before the block anesthesia was performed. This sweating, however, could be discriminated from the responses to adrenaline and other sudorific agents in that sweat spots appeared during the injection period of about ten seconds in a wide area and evenly small in size. This response disappeared usually within one minute. As will be described below, it was proved that this sweating was not induced through axon reflex mechanism. In view of very short latent period before the appearance of sweat, it seems likely that sweat in the gland duct would be discharged by mechanical stimulation due to injection. Therefore, the experiments in which such sweating occurred on the control injection were discarded.
Noradrenaline: The effect of noradrenaline in 10-8 to 10-3 was examined in a total of 27 toe-pads in 3 dogs.
In a dog 3.5 months old, noradrenaline in 10-7 produced a slight but definite sweating. The concentrations of 10-6 and 10-5 were effective in eliciting a more pronounced response; the response lasted for about 6 to 35 minutes. But in two other dogs, 6 months and 17 months old, the minimum effective concentrations of noradrenaline were 10-5 and 10-4 respectively. In the former animal the response was caused only in one toe-pad in which a very slight but definite spontaneous sweating was observed before the block anesthesia, while in the latter it was seen in all toe-pads where spontaneous sweating had failed to occur. Although the dogs used in this series of experiments were small in number, the results obta -ined indicate that the sweat glands of the dog's toe-pads have an almost identical sensitivity to both adrenaline and noradrenaline.
Isopropylnoradrenaline: The effect of isopropylnoradrenaline in concentra -tions of 10-6 to 10-3 was studied in a total of 51 toe-pads of 7 dogs at the age of 3 to 13.5 months. Local injections of this agent in the concentration of 10-6 gave rise to a slight but definite sweat response in 2 of 6 toe-pads. But, the positive results were obtained more frequently with higher concentrations, i.e. in 11 of 15 tests with 10-5, in 14 of 22 tests with 10-4 and in 5 of 8 tests with 10-3 isopro -pylnoradrenaline.
The sweat response to 10-6 to 10-3 isopropylnoradrenaline commenced usually within 1 to 2 minutes after the start of injection; its maximum extent was reached at about 2 to 10 minutes after injection and its duration was about 4 to 16 minutes.
In comparing the sweating effects of adrenaline and isopropylnoradrenaline at identical concentrations, it was found that the latter agent possesses less potency than the former. Indeed, it was observed that in some toe-pads which had failed to respond to 10-4 isopropylnoradrenaline a subsequent injection of 10-4 adrenaline produced the usual good response.
3. The responsiveness of the sweat glands to carbaminoyleholine, acetylcholine, mecholyl and pilocarpine Carbaminoylcholine: The tests were made with 10-12 to 10-4 carbaminoyl -choline in a total of 107 toe-pads in 9 dogs at the age of 2.5 to 13 months. In a few toe-pads in which the sweat glands were very sensitive, the concentrations of 10-11 and 10-10 were certainly effective in eliciting sweat response. Further, a definite sweating effect was seen in 4 of 5 toe-pads with 10-9, in 11 of 20 with 10-6 and in 18 of 22 with 10-' carbaminoylcholine. The sweat response to these three concentrations of carbaminoylcholine appeared usually within 20 seconds to 4 minutes after the start of injection and lasted for about 10 to 45 minutes. In a dog in which the toe-pads retained the ability of producing spontaneous sweating in their small areas at the age of 13 months, carbaminoylcholine in 10-s to 10-6 was found to be still effective in causing local sweating.
Acetylcholine: The observations were made with acetylcholine at concentra -tions of 10-1i to 10-5 in a total of 36 toe-pads of 4 dogs at the age of 3.5 to 5 months. In the toe-pads with highly sensitive glands the concentration of 10-11 had no effect, but the concentration of 10-10 was found to be effective in eliciting a slight but definite sweating. With 10-9 and 10-8 acetylcholine, the sweating effect was more striking in all of 12 toe-pads. The sweat response to these two concentrations of acetylcholine commenced within 25 to 45 seconds after the start of injection and lasted for about 5 to 25 minutes or more. It should be noted that in one dog the toe-pads which had lost the ability to produce spontaneous sweating no sweat response could be seen even with acetyicholine in 10-7 to 10-5.
Mecholyl: The effect of 10-9 to 10-3 mecholyl was studied in a total of 280 toe-pads of 16 dogs at the age of 1 to 18 months. The concentration of 10-9 was found to be without effect. A definite sweat response was observed in a half of 18 tests with 10-8, and in 21 of 38 tests with 10-' mecholyl. Further, positive results were obtained in 37 of 51 toe-pads tested with 10-6 mecholyl. The sweat responses to 10-8 and 10-7 mecholyl became visible about 30 seconds to 3 minutes after the start of injection, but rarely at about 7 minutes or later; it reached its maximum 2 to 10 minutes after injection and lasted for about 5 to 30 minutes or more. Occasionally, the response was found to persist for forty minutes or more in the tests with mecholyl in 10-5 and 10-4.
Pilocarpine: The effects of pilocarpine in concentrations of 10-10 to 10-3 were tested in a total of 100 toe-pads of 11 dogs at the age of 2-6 months. In a few toe-pads with highly sensitive sweat glands, the concentration of 10-3 was found to be effective in inducing a slight sweating. A more definite response was observed with the concentrations of 10-7 and 10-6 in a half of 38 tests. With pilocarpine in 10-5, sweat response was obtained in 20 out of 26 tests. The sweat responses to 10-7 and 10-6 pilocarpine began to appear usually in 35 seconds to 4 minutes after the start of injection; they increased to a maximum about 1 to 20 minutes after injection and persisted for a period of 7 to 54 minutes.
Generally, the duration of the response was prolonged with the increase in the concentration of pilocarpine used; in a test with 10-3 pilocarpine the sweat response continued for more than 80 minutes.
The relation between spontaneous sweating and responsiveness of the sweat glands to sudorific agents
In the present experiments it was found that the responsiveness of the sweat glands to the sudorific agents used was reduced as the age of the animal advanced. This reduction paralleled roughly the depression in the ability to produce spontaneous sweating of central origin. When the toe-pad retains the ability to exhibit a considerable spontaneous sweating over its whole surface, as in early months of birth, the sweat glands there were found to be highly sensitive to all of the sudorific agents used. As the activated glands on spontaneous sweating diminished in number, the responsiveness of the glands was progressively reduced; the sweat spots produced by the agents became smaller in number or failed to appear with their previously effective concentrations. Further, the latent period before the appearance of the response was usually prolonged as the re -sponsiveness was decreased. However, it was sometimes observed that in the toe-pads in which spontaneous sweating which had been appearing was confined to their small areas, the sweat response could be elicited by the sudorific agents when their concentration was sufficiently high. In general, no sweat response could be obtained even with extremely high concentrations of the agents in the toe -pads which had lost completely the ability of producing spontaneous sweating.
The axon reflex sweating produced by nicotine
In 17 dogs aged 1.5-5 months a total of 164 tests were performed on the toe-pads, mostly of the hindfoot, using the band method. Nicotine at concentra -tions of 10-6 to 10-2 in a volume of 0.05 ml was injected subcutaneously to the distal side of the band, and axon reflex sweating was identified by the appearance of sweat spots on the proximal side, as usual. It was found that frequently axon reflex sweat response could be induced by nicotine in 10-5 and 10-4 in the toe-pads which had been proved to have ability of producing a conspicuous spontaneous sweating. In 21 out of 55 tests with 10-5 nicotine a definite axon reflex sweating was obtained. In some toe-pads nicotine in the concentration of 10-6 was also effective. However, it should be noted that toe-pads retaining the ability to cause spontaneous sweating did not necessarily exhibit the axon reflex sweating. When nicotine in concentrations of 10-5 and 10-4 was effective in eliciting the axon reflex response, the sweat spots began to appear on the injected side of the band 15 to 45 seconds after the start of injection in the majority of cases; and at almost the same time or about 5 to 15 seconds later the sweat spots became visible on the uninjected side of the band (Fig. 5) . The response on the uninjected side lasted for about 10 to 20 minutes or more. In other 28 cases in which the axon reflex response failed to be identified, a more or less significant sweating was seen only on the injected side of the band. It should be noted that in general the toe pads became unreactive to the axon reflex provoking action of nicotine, as their ability of producing spontaneous sweating diminished. Finally, even when the concentration of nicotine was raised up to 10-3 or 10-2, the axon reflex sweating could no longer be elicited.
As described above, injections of 0.9% NaCl produced occasionally a sudden appearance of sweating by themselves, but this response was localized only to the injected side of the band, giving no evidence for the axon reflex nature.
6. Effect of denervation of the sweat glands on the responsiveness of the sweat glands to sudorific agents
In five dogs the sciatic nerves was sectioned on one side, and the effect of denervation was studied on the responsiveness of the sweat glands of toe-pads on the ipsilateral side to adrenaline, mecholyl, carbaminoylcholine, pilocarpine and nicotine; control experiments were performed with the toe-pads on the contralateral side. Spontaneous sweating of central origin on the innervated side was eliminated by block anesthesia with procaine, using the double band method, while on the operated side a double bandage was applied in the same of Dog's Eccrine Sweat Gland 215
way as on the control side, but without procainization.
It was an outstanding feature that the sweat glands of the toe-pads on the operated side showed a progressive decrease in the responsiveness to the sudorific agents. In three of the five dogs, tests were made with mecholyl, and in one of the others, with adrenaline about 24 hours after the nerve section. It was found that the sensitivity of the sweat glands on the denervated side decreased more or less markedly during this period following the nerve section. For exmaple, in one dog injections of mecholyl in the concentrations of 10-6 and 10-5 were clearly effective in the toe-pads on the unoperated side ; more than one hundred sweat spots began to appear in about 1 minute in the medial two pads with 10-6 mecholyl and 9 and 40 spots in 2 minutes in the lateral two pads with 10-5 mecholyl. In contrast, on the denervated side 10-1 and 10-5 mecholyl elicited the response in 8 to 12 minutes after injection, the maximal number of sweat spots was found to be 5 to 9 spots. Similar findings were obtained in the tests on the other three animals. In three animals no responses were observed even with 10-4 mecholyl or 10-4 adrenaline on the operated side three or four days after denervation. This was ascertained by furth& experiments performed 7 to 12 days after the nerve section. Further, similar results were obtained in another dog tested with adrenaline and pilocarpine 7, 10 and 28 days after the operation.
In remaining one dog the effect of nicotine in concentrations of 10-5, 10-4 and 10-3 was examined, using the band method, 8 days before, and about 3 hours and 2 days after the unilateral nerve section. In the experiments performed before and on the first day of the nerve section, the usual axon reflex responses were obtained with these concentrations of nicotine in all toe-pads of both sides. In contrast, the experiment performed on the third day of the nerve section showed that in three toe-pads on the unoperated side nicotine in these concentrations was all effective in eliciting the axon reflex sweating, whereas on the denervated side, the same concentrations of nicotine produced no sweat response in all four toe-pads.
DISCUSSION
The present experiments demonstrated the occurrence of spontaneous sweat -ing of central origin on the dog's foot-pads, which generally was most remarkable in dogs within one to three months after birth. But, as the age progressed, spontaneous sweating was restricted mostly to the periphery of the pads, and finally it failed to appear; the period of persistence of this sweating differed widely between the animals. The failure of previous investigators to detect spontaneous sweating, and the description of Randall et al.19 ) that when spontaneous sweating was present it was readily observable on the junctional tissue at the border of the central pad, may be understood in the light of the present observations.
The fact that spontaneous sweating could be abolished by local administration of low concentrations of atropine, but not affected even by high concentrations of dihydroergotamine, suggests that the innervation to the eccrine sweat glands in the toe-pads of the dog is cholinergic.
In order to study the actions of eight test agents on the sweat glands of the toe-pads, spontaneous sweating was eliminated by nerve block anesthesia with procaine, using the double band method. This technique proved to be advanta -geous in determining repeatedly the sensitivities of the sweat glands in the same toe-pads to the test agents for a long period of observation.
The results obtained are summarized in Table I . agents is lost. Occasionally, it was found that high concentrations ofithe test agents elicited sweat responses in the area where spontaneous sweating had failed to occur. Consequently, the present results are incompatible with the view that the failure to produce spontaneous sweating in the foot-pads of adult dogs is due to a mechanical disturbance by increased cornification of the epidermis. It may be of interest to compare the functional activities of the eccrine glands of the toe-pads with those of the apocrine glands in general hairy skin of the dog. Although there is no evidence for the nerve supply to the apocrine glands, they have been proved to be stimulated by adrenaline, noradrenaline, acetylcholine, mecholyl and pilocarpine (Aoki and Wada3); Aoki1)). From comparison of the effective concentrations of these agents, it is obvious that there is no significant difference in the sensitivity to adrenaline, noradrenaline, mecholyl and pilocarpine between these two kinds of sweat glands. But, it appears that in this species the eccrine glands are more sensitive to acetylcholine than the apocrine glands.
It is of further interest that the sensitivities of the dog's eccrine glands to adrenaline and acetylcholine are akin to those of human eccrine glands (Kisin12); Wada and Takagaki29); Wada23)) There is no evidence at hand to indicate that the innervation to the sweat glands has an adrenergic component. For the reasons described above, it appears very likely that the postganglionic sweat nerve fibers are of a cholinergic nature. Hellmann8) and Winkelmann and Schmit30) described that cholinesterase was not present in the nerve fibers around the secretory tubules in the foot-pad of dogs. However, Hellmann presented a nerve fiber staining for cholinesterase in the figure attached to his paper (Fig. 1, p. 462) . Very recently, Aoki2) in this laboratory demonstrated that in the toe-pads of dogs the secretory tubules of the sweat glands were surrounded by the cholinesterase-containing nerve fibers, alth -ough this feature was more prominent in young than in adult dogs.
It is significant that axon reflex sweating was produced by nicotine injected subcutaneously to the toe-pads. This sweat response could be observed usually in the early months of birth when the ability of producing spontaneous sweating was most considerable. It was found that in general nicotine in a concentration of 10-5 was effective. This is comparable with the observation of Wada et al. 26) on the toe-pads of cats. But, this sweating frequently failed to occur in the toe -pads retaining still the ability of producing spontaneous sweating, when tested with nicotine at concentrations of from 10-5 to 10-2. However, the evidence of the axon reflex sweating in the dog's toe-pads is in support of the view of Wada et al.27 ) that the sweating axon reflex is associated with cholinergic nature of the sweat nerve fibers. An interesting finding was added recently by Hayashi and. Nakagawa7) that in the albino rat the axon reflex sweating cannot be produced in spite of the fact that spontaneous sweating is caused very probably through cholinergic nerves; this may be explained by assuming that the receptors responsible for the axon reflex do not fully develop at least in a functional sense. It must be noted that after section of the sciatic nerve for blocking the spont -aneous sweating on the toe-pads of the findfoot the sensitivities of the sweat glands to the sudorific agent were progressively reduced. This shows that the dog's eccrine glands resemble human eccrine glands which have been reported to be rendered insensitive to acetylcholine by sympathectomy (Rothman and Coon2O); Kahn and Rothman11) ; and Janowitz and Grossman9,10). On the other hand, these glands are in contrast to those of cat's footpads which become supersensitive in early stage of denervation (Nakamura and Hatanaka17)), following the Cannon's law of denervation5 
